Variations in the longitudinal drag force on a magnet close to a slowly moving strip sample of electrical steel are shown to provide sensitive, nondestructive indications of local inhomogeneity in the permeability, dimensions, and hysteresis loss of the sample. Measurements of both grain-oriented and nonoriented electrical steels showed drag force variations of unexpectedly large amplitude for movements of just a few millimeters, often with quasiperiodic features. Hysteresis variations were smaller and less drastic.
I. INTRODUCTION
As described in review articles by Korzunin et al., 1, 2 consequential to the many processing steps used in the fabrication of electrical steels, the many factors needing careful control during each step, and to the batch size required for economical production, these materials typically exhibit significant variations in composition, microstructure, residual stress and gauge. Such variations exist between rolls, between sheets taken from different locations within one roll, between samples taken from one sheet and even locally on one sample. Since these parameters, each and together, determine the magnetic properties of the fabricated steel, their variation results in similarly distributed inhomogeneous properties. Effects on the performance of end products utilizing electrical steels depend on the range and nature of the variability as well as the product size and function.
The need to detect and characterize inhomogeneity is well recognized. Efforts often focus on local flux measurements in a sheet of material subjected to a 50/ 60 Hz exciting field. Loisos and Moses 3 compare two of the most common methods: search coils wound through small holes drilled through the sheet and needle probes. Being nondestructive, needle probe methods have received much attention. [4] [5] [6] Senda et al. 4 combined needle probes ͑for B͒ and Hall probes ͑for H͒ to determine local losses. In all such methods, inhomogeneity is disclosed by differences in measured values at different locations. Jiles 7 describes a magnetic imaging system for displaying a signal derived from the local permeability sensed by a probe arranged to scan a sheet in x-y fashion.
In this paper, the drag force method 8 is used to provide continuous plots of signals indicative of both local permeability variation and hysteresis loss. Originally introduced as a method for determining hysteresis losses in strip samples of various materials, Vandenbossche et al. 9 applied the drag force method to indicate the presence and extent of bending fatigue damage in low carbon steel samples. Sergeant et al. 10 developed a numerical model of the drag force method. In these previous works the magnet was oriented with its moment parallel to the sample surface. In this work the magnet is oriented with its moment normal to the sample surface. Two magnets, having antiparallel moments, disposed symmetrically above and below the sample, are used to provide more uniform fields within the sample.
II. THEORY
In addition to the readily sensible attractive force between a magnet and a proximate ferromagnetic body, more subtle lateral forces are usually present. The following simple analysis shows the origin of these forces, the parameters affecting their magnitude and distribution, and the conditions under which there is a reaction force on the magnet.
Consider Fig. 1 wherein a thin ferromagnetic strip of uniform cross section ͑thickness t, width in z direction, w s ӷ t͒ is shown to be centered on, and normal to the magnet centerline ͑x =0͒. It is similarly centered in the z direction. The width of the magnet in z direction w m is considered to be sufficiently large relative to w s for the field at any location x to be approximately constant over w s . The strip and magnet are restrained against their mutual attractive force, by means not shown, to maintain a small ͑order of 1 mm͒ air gap G. The initially demagnetized strip is considered to have been brought into the position shown by y translation at constant orientation from a distance where the magnet field is too weak to induce significant magnetization within the strip. The variation with longitudinal distance ͑in units of G e ͒ from the magnet centerline, of both the normal and longitudinal components of the dipole field from the magnet, normalized against the peak value of the normal field intensity, are plotted in Fig. 2͑a͒ . For values of x where the field intensities are sufficient, magnetizations M x will be induced within the strip. For t small enough, M y need not be further considered. Under these conditions, the sample will have a longitudinal magnetization distribution determined by its virgin M-H characteristics, a hypothetical example being shown in Fig.  2͑b͒ . Neglecting distortions of the local field by its own magnetization gradients, the resultant magnetization distribution in the strip, obtained by combining the longitudinal field of Figure 2͑e͒ shows dF x / dx plotted against x. The full portion of strip on the left side of the magnet centerline then experiences a force
and the portion on the right side experiences a force
If the strip has uniform dimensions and homogeneous magnetic properties, F L =−F R for all values of X L = X R . The net longitudinal force on the strip, and hence the reaction force on the magnet, the "drag force," are then both zero. Figure 2͑f͒ shows F L and F R plotted against x. It should be apparent that if permeability or dimensions ͑including X L and X R ͒ of the material on the two sides of the magnet differ, F L + F R 0. Under such conditions there will be a net longitudinal force on the strip and an equal and opposite drag force on the magnet. It has also been shown 8 ͑albeit with the magnet moment parallel to the strip͒ that if the strip in Fig. 1 is moved horizontally, hysteresis ͑even in a perfectly homogeneous material͒ will be the source of such inequality. This is readily shown to also be the case with normal moment orientation.
In Fig. 3 , the strip is assumed to have moved sufficiently to the right for a significant portion to have passed through the positive peak magnet field and then to have moved a similar distance to the left for most of this portion to have passed through the negative peak field. Portions of the strip to the left of x = −3 will be in fields weak enough for the magnetization to be at or near its remanent value. If now the strip is again moved slowly to the right, the elemental portion of the strip material at position 1 in Fig. 3͑a͒ will experience an ever increasing field intensity of the same polarity as its remanent state until reaching a peak value at position 2. With further motion, the element will pass through a region where the field intensity rapidly diminishes, passes through zero at position 3 ͑with magnetization again at its remanent value͒, reverses in polarity and rises to its positive peak intensity at position 4. With further rightward motion, the element experiences ever decreasing field intensity, reaching negligible amplitude at position 5 where the magnetization is effectively again at its remanent value but reversed in polarity from its starting state. Magnetization changes during this motion are seen in Fig. 3͑b͒ to have traced, first the minor loop, 1 → 2 → 3 and then portions of a major loop 3 → 4 → 5. Careful scrutiny of Fig. 3͑c͒ will show that the magnetization is no longer symmetrical around x = 0. As a result forces F L + F R 0. It should be apparent that if the strip is now moved leftward the same distance, the magnetization in the element now starting at position 5 will, in following the field sequence 5 → 6 → 7 → 8 → 9, trace out another minor loop 5 → 6 → 7 and complete the major loop by adding the portion 7 → 8 → 9. In this case, the drag force will be in the opposite direction from that for rightward motion. In the ab -FIG. 3 . ͓͑a͒-͑f͔͒ Same as Fig. 2 under conditions of strip motion.   FIG. 4 . A typical bidirectional drag force plot illustrating the four commonly observed features. ͑Strip X, t = 0.5 mm, 300 mm long, w s =25.4 mm͒ .  FIG. 2 . ͑a͒-͑f͒ captioned as indicated. All parameters except x are normalized against their respective maxima. x is in units of G e .
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sence of forces arising from material inhomogeneity, drag forces thus arise from hysteresis, their difference during back and forth travel reflecting the sum of the hysteresis losses of one major loop and two minor loops.
III. EXPERIMENTS
Strip samples of nonoriented ͑NO͒ and grain-oriented ͑GO͒ silicon steels were tested in previously described apparatus 8 modified to have the strips pass centrally through the 3 mm space between magnets symmetrically spaced above and below the sample. The 6.35 mmϫ 6.35 mm ϫ 50.8 mm ͑=w m ͒ NdFeB 38 MGOe magnets were mounted with their moments antiparallel and normal to the surface of the strip. For each strip and for motion in each direction, the measured drag force was plotted against position determined by a linear encoder. The 2 plots comprising each such graph exhibited 4 common qualitative features: an end to end slope, a quasiperiodic variation, a smaller and finer scale random variation, and a vertical displacement between plots. The 2 plots had closely identical features, providing a "signature" unique to each strip ͑Figs. 4 and 5͒.
The end to end slope is readily understood by considering that with sufficiently high permeability, even in very low fields, the magnetization within the strip end closest to the magnet will be greater than that within the end which is farther away. This together with the inequality of X L and X R result in a nonzero sum for F L and F R . Figure 6 shows that this feature does indeed vanish with samples long enough such that the magnet field intensity, even at the closest end, is low enough to have negligible effects on the magnetization.
The differences in drag force for travel in each direction was also plotted against position. Such plots appear in Figs. 4, 5, and 7. Figure 7 illustrates the wide range of measured values. As expected, the GO and thinnest sample shows the lowest hysteresis related force difference. Although hysteresis does, in some samples, show significant variation over the 120 mm test length, the quasiperiodic features characteristic of the total drag force variation are not present. The seeming reduction in the hysteresis near both ends of the sample travel is understood by realizing that portions of the strip to the right of the magnet when leftward strip motion ceases, and strip portions to the left of the magnet when rightward motion ceases, have not undergone complete excursions around both minor and major hysteresis loops. Although different samples of the same material each had drag force signatures with easily identifiable featural differences, little variation was seen in their hysteresis signatures.
IV. CONCLUSION/DISCUSSION
Drag force has been shown to arise from asymmetrical magnetization distributions, or dimensional variation in material situated in space permeated by a symmetrical field variation. The asymmetry can have both magnetostatic and dissipative sources. The drag forces of both NO and GO electrical steel samples have been shown to vary significantly with longitudinal location on the test sample. The magnitude of the drag force variation, at times greater than 5 mN/ mm, oftentimes with quasiperiodic repetitions having "wavelengths" from 5 to 40 mm was neither expected nor is it readily explainable. For example it is not known whether these variations represent changes in local permeability or dimensional differences and whether the variation is limited to very small areas or exists over major portions of the sample width. Hysteresis loss variations show no such features. In any case, the utility of the drag force method to sense local inhomogeneity is well established by this report. 
